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Abstract— A TELEMAC-2D model is presented that 
incorporates the Red Sea, Persian Gulf and the northern 
Indian Ocean, covering an area of roughly 5 ·  106 km2. Due to 
the size of the model domain, a significant portion of the tidal 
forcing comes from the tidal body force that is exerted by 
celestial objects on the fluid mass in the model domain itself, in 
addition to the tidal forcing at the model domain boundaries. 
The formulation for the tidal body force in TELEMAC-2D is 
examined and improved, and the impact of the force on the M2 
tidal amplitude is displayed. The model is calibrated against 
tidal amplitudes and phases at 29 tide gauges across the model 
domain using an automatic calibration procedure. Two 
nonlinear optimization algorithms, the Nelder-Mead simplex 
algorithm and the BFGS algorithm, are tested in the 
calibration procedure. Results from the two algorithms are 
comparable, although the BFGS algorithm shows a slightly 
faster convergence behaviour. 
 
I. INTRODUCTION 
The flexible mesh discretization of the Telemac solver 
enables the modeller to compute free-surface flows over a very 
large domain with moderate detail in combination with highly 
detailed results in a smaller area of the domain. This makes it 
possible to speed up the development of local, site-specific 
models by starting from a coarser large-scale, generic model. 
Once such an ‘off-the-shelf’ model has been developed and 
calibrated, it can be (re)used for many projects, each time 
refining the mesh of the ‘parent model’ locally around the 
project site. This paper presents a large-scale TELEMAC-2D 
model named ‘Tethys’ that covers the Red Sea, Persian Gulf, 
and the northern section of the Indian Ocean, which has been 
developed for use in future projects. 
The development of very large-scale models such as the 
Tethys model poses specific challenges. Firstly, the tide-
generating force that acts on the fluid mass inside the domain 
becomes more important as the domain size increases. 
Correct treatment of the tide-generating force is therefore 
necessary to reproduce tidal flows. Secondly, calibrating a 
model across a large spatial area is non-trivial compared to 
calibrating the model for one or a small number of sites, and 
may be more labour-intensive. It is important to avoid over-
fitting the model, e.g. by attempting to improve the 
agreement with a number of measurement stations by over-
adjusting model parameters. Automating the model 
calibration can reduce the amount of labour needed to 
achieve good model accuracy. An automated calibration 
routine was developed for this purpose using two nonlinear 
optimization algorithms. 
The remainder of this paper is organized as follows. 
Section II describes the Tethys regional model. Section III 
discusses the formulation of the tide-generating force in 
TELEMAC-2D. Section IV presents an automated 
calibration routine. Results are discussed in Section IV, 
followed by general conclusions in Section V. 
II. THE TETHYS MODEL 
The Tethys model was set up in TELEMAC-2D and covers 
the Red Sea, Persian Gulf, and the northern section of the 
Indian Ocean (Figure 1). The model domain has an extent of 
roughly 5000 km x 2600 km and an area on the order of 
5 ·  106 km2 (roughly 6 times the size of the North Sea). It is 
discretized by a mesh that contains 83 000 nodes and cell 
sizes that range from 750 m to 90 km. The flow is forced at 
the southern open boundary by tidal harmonic constituents 
extracted from the Indian Ocean regional solution of the 
OSU Tidal Inversion Software (OTIS) model [1] and 
(optionally) by spatially and temporally varying wind fields 
from the NOAA-NCEP CFSR hindcast. The model was 
calibrated in tide-only mode by minimizing the mean 
vectorial difference between model and measurements for 
the 4 principal tidal harmonics at 29 tide gauges across the 
model domain.  
III. THE TIDE GENERATING FORCE 
Tidal flow in a basin is forced in two ways: at the basin 
boundaries, and as a body force exerted by astronomical 
bodies on the fluid mass in the basin itself. While the body 
force is small compared to the effect of the tide at the basin 
boundary for typical applications, it becomes non-negligible 
for very large basins or closed basins such as the 
Mediterranean Sea.  
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Figure 2.  Amplitude difference (Tethys - OTIS) for M2 tidal constituent. 
Top: with 𝐹!   according to (4). Bottom: with 𝐹!  according to (3) 
the Gulf of Aden and the southern Red Sea (possibly due to 
exchange with the Gulf of Aden), but much less so in the 
Persian Gulf. 
IV. AUTOMATIC MODEL CALIBRATION 
Model parameters such as bottom roughness, tidal amplitude 
at the model boundary typically need to be adjusted to 
achieve a satisfactory agreement between model results and 
local measurements. This often requires a time- and labour-
consuming process that involves trial and error. There is 
thus significant opportunity in reducing the cost of model 
development by (partially) automating the calibration step. 
One possible approach for this is as follows: 
1) Define a vector of tuneable parameters 𝑥  such as 
bottom roughness in a given area or the amplitude of tidal 
forcing at the model boundary.  
2) Based on measured data such as water levels, 
velocities, or tidal harmonic amplitudes and phases, define a 
single-valued cost function 𝐸(𝑥) that quantifies the model 
error. 
3) For each choice of the tuneable parameters 𝑥, the cost 
function 𝐸 𝑥  can be evaluated by running a model 
simulation with the input parameter values according to 𝑥 
and postprocessing the model run. 
4) Minimize the cost function by iteratively adjusting 
the tuneable parameters.  
Step 4) poses a nonlinear optimization problem, for which 
many possible algorithms exist. When choosing which 
optimization algorithm to use to calibrate a flow model, the 
main selection criterion is that is it minimizes the number of 
function evaluations of the cost function, since each 
evaluation involves a model simulation that takes O(minutes 
- days).  
The automated calibration procedure presented here was 
developed simultaneously with the development of the 
Tethys model, and the final Tethys model was calibrated 
using a combination of manual and automated calibration.  
A toy model with the same geometry and bathymetry as the 
final Tethys model but different bottom roughness values is 
used here to demonstrate the calibration procedure (without  
manual calibration). The tuneable parameter vector 𝑥 
consists of 4 values for the Manning roughness in 4 different 
subsections of the model domain. Each subsection is defined 
a as a polygon in Figure 3:  
1) The entire model domain (except for the subdomains 
in values 2-4). 
2) The entrance of Gulf of Suez (since many reefs are 
present here). 
3) The Strait of Hormuz, which connects the Persian 
Gulf to the Gulf of Oman and the Indian Ocean. 
4) The Bab-el-Mandeb strait, which connects the Red 
Sea to the Gulf of Aden and the Indian Ocean. 
The cost function 𝐸(𝑥) was defined as the mean of the 
summed vectorial difference (SVD) at 29 tide gauges across 
the model domain (indicated as circles in Figure 2) for 4 
harmonic constituents. The summed vectorial difference at a 
station is defined as:  
 𝑒! = 𝐴!,!𝑒!!!,! − 𝐴!,!𝑒!!!,!!!!!   , (4) 
where 𝐴!,! and 𝐴!,! are the computed (by Telemac) and 
measured tidal amplitudes for the 𝑖’th harmonic constituent, 
and 𝜙!,! and 𝜙!,! are the computed and measured tidal 
phases for the 𝑖’th harmonic constituent.  
 
Using an initial guess for 𝑥 that sets the Manning roughness 
to 0.05 s/m1/3 in all 4 subdomains (which is deliberately too 
high for ocean and sea beds), the model was automatically 
calibrated using two nonlinear optimization algorithms: the 
Nelder-Mead simplex algorithm and a quasi-Newton method 
of Broyden, Fletcher, Goldfarb, and Shanno (BFGS). 
 
Figure 3.  Location of sub-regions in the model domain where the 
Manning roughness is tuned. 
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Figure 4.  Results of the automatic calibration procedure. 
The entire procedure of model initialization (using the 
selected values of 𝑥), simulation submission to a Linux 
cluster, post-processing to evaluate 𝐸 𝑥 , and nonlinear 
optimization was implemented in Matlab as a fully 
automated procedure (except for the BFGS algorithm, for 
which a Python implementation was used). The cost 
function 𝐸 𝑥  and the optimal calibration coefficients 𝑥  are 
written to a text file after each model simulation to enable 
user monitoring during the optimization procedure.  
Results of the procedure are shown in Figure 4. The mean 
summed vectorial difference (the cost function) initially 
equals 0.532 m. After remaining constant during the first 5 
model simulations, 𝐸 𝑥   automagically decreases and 
reaches 0.323 for the BFGS algorithm after 32 simulations, 
after which it shows only marginal decrease. For the simplex 
algorithm, E(x) = 0.348 m after 32 simulations, and 0.339 m 
after 61 simulations. An automatic stopping criterion was 
specified for both optimization algorithms but the 
procedures were stopped prematurely by the user when 
𝐸 𝑥   had nearly converged.  
The simplex algorithm is an unconstrained optimization 
algorithm, meaning that no constraints on the tuning 
parameters (e.g. a maximum or minimum value for the 
friction factor) can be imposed. This was circumvented by 
setting the cost function equal to a very large number when a 
parameter constraint is exceeded (indicated as the missing 
dots in Figure 4). The BFGS algorithm, on the other hand, 
can be run as a constrained optimization algorithm, meaning 
that parameter constraints can be specified to the 
optimization algorithm.  
V. DISCUSSION 
The calibration procedure presented in Section IV shows 
promise in reducing the labour cost of calibrating a model. 
The optimization algorithms may also lead to a lower final 
cost function than a manual calibration, resulting in more 
accurate model results. The procedure is also generic and 
can be applied to other models than TELEMAC-2D, as long 
as a set of tuneable parameters 𝑥 and a cost function 𝐸(𝑥) 
are defined and implemented. The BFGS algorithm shows 
the fastest convergence of the two algorithms, although the 
convergence rate is fairly similar. The BFGS algorithm has 
the additional advantage that parameter constraints can be 
specified. 
Still, there are a number of caveats. Roughly 30-40 model 
simulations were needed to achieve a nearly calibrated 
model with 4 tuneable parameters, and it is expected that the 
number of necessary model simulations increases with the 
number of tuning parameters. The procedure is thus only 
practically feasible for relatively simple models with run 
times on the order of minutes or a few hours, not days.  
The two algorithms presented here may also converge to 
false minima. Optimization algorithms that avoid false 
minima exist (e.g. simulated annealing, basin-hopping) but 
require a larger number of model simulations. Over-training 
of the model is also possible and should be avoided by the 
user by carefully selecting the tuneable parameters and the 
initial values.  In summary, even though the procedure may 
reduce developer working time, it does not replace the input 
of a skilled model user. 
VI. CONCLUSIONS 
A TELEMAC-2D model for the Red Sea, Persian Gulf, and 
northern Indian Ocean, named the Tethys model, was 
presented. Due to the large spatial extent of the model, the 
tidal body force becomes important for the tidal forcing. An 
error in the east-west component of the tide generating force 
was detected and corrected in TELEMAC-2D. The effect of 
the error on the modelled tidal amplitude depends on the 
resonant frequencies of each (sub-)basin but can be 
significant.  
In addition, an automated calibration procedure for 
TELEMAC-2D was presented. The procedure consists of a 
number of tuning parameters (the Manning roughness in a 
number of subsections of the model domain), a cost 
function, defined as the mean summed vectorial difference 
between modelled and measured tidal constituents, and a 
nonlinear optimization algorithm that minimizes the cost 
function by adjusting the tuning parameters.  
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